In this paper the impact of atmospheric turbulence on helicopter handling qualities is investigated using a simple random turbulence representation and a structural human pilot model. Linear approximation of the turbulence field and the frozen field concept are assumed. Effects of uniform field component and spatial gradients in the horizontal plane are individually evaluated on each axis. Turbulence intensity is varied from low to medium and severe, at low and high altitude. Simple, single axis missions on each of the four control channels are considered. Several different aircraft configurations that yield various handling qualities levels, as evaluated using classic criteria, are compared to each other and consistency of handling qualities prediction is assessed. Contributions of every turbulence field component to degradation of handling qualities are evaluated. Some results suggest that handling qualities hierarchy in still air is not necessarily preserved in turbulence. Plots to illustrate major observed trends are presented.
INTRODUCTION
The current specifications 1 for military rotorcraft handling qualities address the issue of flight in turbulence in a simple manner due to the fact that more experimental and analytical investigations are necessary.
The purpose of this paper is to investigate the impact of atmospheric turbulence on helicopter handling qualities using a simple random turbulence representation 2, 3 and a structural human pilot model 2, 4 . A linear model of the airvehicle in hover flight is used including effects of the linear turbulence Copyright © 1998 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved. * Senior researcher field 3 . The frozen field concept is extended 2 to hover flight by considering a relative velocity between vehicle and turbulence field. However this velocity does not affect the aerodynamics of the helicopter (we assume hover flight) it only describes the rate at which turbulence perturbations occur at a reference point on the vehicle.
The behavior of several vehicle configurations is analyzed. Turbulence intensity is varied from low to medium and severe, at low and high altitude. Simple, single axis tasks on all four control channels are considered, aimed at rejecting turbulence perturbations. Turbulence is considered to be acting on each axis separately in order to put into evidence individual effects. For the same reason, on each axis, turbulence components (uniform field, longitudinal and lateral gradients) are considered separately and together. All possible combinations of the above situations have been simulated and important effects and major trends have been identified.
GENERAL MODEL OF THE PILOTED HELICOPTER IN TURBULENCE
The closed-loop linear system presented in Figure 1 was implemented and used to simulate simple, single channel tasks at hover in various turbulence field conditions. Although pilot models on each control channel are present and commands act simultaneously on all four control channel, tasks should be regarded as independent, single axis, due to the nature of the pilot model that does not accommodate for task interference and divided attention. Only vehicle dynamic coupling occurs.
The two major components of the model are the human pilot model P Y (a four inputs -eight outputs transfer matrix) and the helicopter model C Y . The helicopter model includes turbulence effects that are described by the random perturbation vector The reference input vector c describes the task that has to be accomplished. In this study this input vector represents attitude angle commands on three channels (pitch, roll and yaw) and vertical velocity command. They will all be zero to describe a perturbation rejection task. p u is the command vector generated by the human pilot model (controller displacements on all four channels). The root mean square of this signal will be watched as a measure of pilot required activity and therefore of handling qualities. p m is the signal in the proprioceptive feedback loop of the human pilot model. The root mean square of this signal is a measure of pilot workload and will be considered the major handling qualities parameter in this study. 
Helicopter Model
A six degrees-of-freedom model was generated to describe the rigid body dynamics of the helicopter IAR-330 Puma, a 7000 kg aircraft with single, four bladed main rotor and conventional configuration. The model was linearized about hover flight condition and the aerodynamic force and moment derivatives were computed analytically according to reference 5. Effects of rotor dynamics are approximately introduced as a pure time delay. We will make reference to this aircraft configuration as C1. Three more configurations have been built starting from C1 by closing simple feedback loops in order to alter handling qualities levels.
Turbulence Representation
The air velocity due to turbulence at any point is the superposition of a random value at a fixed reference point and a spatial gradient. 
If only turbulence on the longitudinal axis is considered then there are no equivalent cyclic perturbations and the expressions of the equivalent blade pitch angles become for hover flight 3 : 
Finally, if only turbulence on the lateral axis is considered then the equivalent cyclic angles are zero again but the equivalent collective pitch angle is given by the expression 3 : 
Human Pilot Structural Model
A simplified version of a structural human pilot model developed by Hess 2, 4 is used that allows the measurement of pilot workload as the root mean square value of a signal in the proprioceptive feedback pathway of the model. The handling qualities sensitivity function, an useful parameter for handling qualities evaluation, also emerges from this model. The displacements of the manipulator that are generated by the model can be regarded as a measure of piloting activity and therefore can provide information on handling qualities degradation. For that purpose the root mean square of the manipulator displacements is recorded as an alternative parameter.
The block diagram of the structural human pilot model is presented in Figure 2 . On each control channel (pitch, roll, yaw and vertical) such a block was implemented with corresponding parameters. Although reference commands act simultaneously on all channels, these tasks must be considered as singleaxis because the pilot model is not meant to handle multi-axis tasks.
METHODOLOGY
The closed loop pilot-vehicle system from Figure 1 was implemented. Several parameters have been considered to vary and all combinations have been analyzed. These parameters are: aircraft configuration, turbulence field characteristics (intensity and altitude), mission. The basic aircraft (C1) was altered by closing rate feedback loops with various gains in order to obtain several configurations (C2, C3, C4) that would exhibit different handling qualities characteristics as predicted by classic handling qualities parameters (bandwidth and phase delay, modal parameters, equivalent time constant and time delay of the vertical velocity response). Evaluation of handling qualities in still atmosphere based on these parameters is performed as a reference and consistency check basis.
Low, medium and severe turbulence intensity levels at low and high altitude were simulated as defined in reference 8.
The following simple tasks have been considered: maintaining constant longitudinal, lateral and yaw attitude angles; longitudinal attitude angle doublet; lateral attitude angle doublet; zero vertical velocity hold.
Turbulence is assumed to be present on only one axis at a time. On each axis, the effect of uniform field is first investigated. Then the longitudinal and lateral gradients are added separately. Finally, uniform field and both gradients are considered simultaneously.
Handling qualities are evaluated based on pilot model output for all configurations and cases in still air and in turbulence.
Results are analyzed for consistency and comparisons between configurations are made. Effects of every turbulence field component on each of the four control channels are analyzed.
NUMERICAL RESULTS
The bandwidth ( BW ω ) and phase delay To capture impact of turbulence intensity, the pilot workload and pilot activity parameters (root mean square values) have been plotted versus standard deviation. Parameters were normalized by corresponding values at low altitude and low turbulence intensity.
To put into evidence the relative importance and effects of the gradients, the ratio between the values of the two parameters obtained in the presence of the gradients and the corresponding values obtained in the uniform field have been computed.
In most cases investigated, both pilot workload and pilot activity show similar trends, however they are not identical and relative to the classic reference parameters that have been considered in this study, the pilot workload approach shows a higher level of confidence.
Due to limited available space only a small number of plots are presented here to illustrate and support any observation. However experimental data is still needed to validate any conclusion.
Turbulence on Vertical Axis
It is assumed that only the vertical air velocity component is affected by turbulence. Therefore the equivalent blade pitch angles are computed with relations (2), (3) and (4).
The vertical uniform turbulence field has an important impact on the vertical, pitch and yaw channel and a less important one on the lateral channel (Figures 3 and 4) . Longitudinal gradient of the vertical velocity has been assumed to be equivalent to lateral cyclic perturbations due to rotor dynamic response, therefore its major impact will be on the lateral channel ( Figure 5, 7 and 8) . Similarly, the lateral gradient of the vertical velocity has been assumed to be equivalent to longitudinal cyclic perturbations, therefore its major impact will be on the longitudinal channel ( Figures 6, 9 and 10). Effects of both gradients on the yaw channel are reduced and insignificant on the vertical one. It has been observed that configuration may exhibit different sensitivity to relative gradient effect. For example, when considering the longitudinal gradient the pilot workload rms, as compared to the uniform field case, will increase an almost double number of time for configuration C4 as compared to the other configurations (Figures 8 and 10) . Such results suggest that degradation of the handling qualities due to gradients may be for some configuration larger enough, as compared to other configurations, in order to invert handling qualities hierarchies established in still air.
In all the cases investigated both the pilot workload parameter and the pilot activity parameter show the expected tendency of increasing values with increasing turbulence intensity. In general, all four configurations seem to have constant sensitivity to turbulence intensity variation on all channels ( Figure  11 ). However, there are cases were some configurations exhibit different sensitivities (see C4 in Figure 12 ). These results suggest again that under some conditions it is possible that handling qualities hierarchies established in still air be inverted for some level of turbulence intensity.
The handling qualities are mainly dictated here by the bandwidth and not by the phase delay, therefore the variations of the pilot workload parameter and the pilot activity parameter with bandwidth are analyzed. The handling qualities hierarchy established by the bandwidth-phase delay criterion is conserved on all channels (Figure 13) . However, there are some cases when the manipulator displacement rms leads to different results ( Figure  14) . Such situations allow to note that the pilot workload approach shows a higher level of confidence if regarded relative to classic parameters.
For the vertical channel, consistency of evaluations obtained based on pilot model parameters and based on parameters of equivalent low order system is checked. The pilot model is more optimistic, in a relative sense, in evaluating configuration C4. Note that although C4 is approaching level 2 boundary all four configurations rate level 1.
Turbulence on Longitudinal Axis
We consider now that only the longitudinal air velocity component is affected by turbulence. Therefore the equivalent blade pitch angles are computed with relations (5) and (6) . The same general approach of §4.1 has been used.
The longitudinal uniform turbulence field has an important impact on the pitch and lateral channel (Figures 15 and 16 ). The effects on the vertical and yaw channel are much less important as compared to effects of vertical field. The longitudinal gradient of the longitudinal velocity has no noticeable impact on any channel in hover flight. The lateral gradient of the longitudinal velocity has only reduced effects on all channels but the relative effect as compared to uniform field acting alone is large on the yaw channel and especially on the vertical one (Figures 17 and 18) . Different sensitivity to relative gradient effect is present on the longitudinal axis too.
Variations of the pilot workload parameter and the pilot activity parameter with increasing turbulence intensity show the same trends as in the case of turbulence present on the vertical axis: positive derivative and constant sensitivity to turbulence intensity variation on all channels, for all configurations but with some noticeable exceptions.
Variation of the pilot workload parameter with increasing bandwidth shows the expected decreasing tendency. The pilot activity parameter shows again deviations from this trend.
Turbulence on Lateral Axis
It is assumed in this section that only the lateral air velocity component is affected by turbulence. Therefore the equivalent blade pitch angles are computed with relations (6) and (7) .
The impact of the lateral uniform turbulence field on the pitch and vertical channels is as important as the impact of the longitudinal one. Effects on the lateral and yaw channel are comparatively much more important (Figures 19 and 20) . The lateral gradient of the lateral velocity has no noticeable impact on any channel. Since the important effects are due to the rotor, by symmetry, the longitudinal gradient of the lateral velocity behaves like the lateral gradient of the longitudinal velocity. It has only reduced effects on all channels but relative impact on the vertical and yaw channels is important (Figures 21 and 22) . Different sensitivity to relative gradient effect is present on the lateral axis too.
The level of consistency with evaluation of handling qualities based on specification criteria is similar to the one noticed on the longitudinal axis.
CONCLUSIONS
A closed loop model using a simple random turbulence representation and a structural human pilot model has been developed and used to investigate the impact of atmospheric turbulence on helicopter handling qualities.
Measurement of the pilot workload and the handling qualities sensitivity function as generated by the pilot model are consistent with evaluations obtained with other parameters.
Manipulator displacement rms is not consistent in all cases with evaluations obtained with other parameters. Therefore the pilot workload approach shows a higher level of confidence than the pilot activity approach if regarded relative to classic parameters that have been considered in this analysis.
Effects of the vertical uniform field are very important on the vertical, pitch and yaw channels and to a lesser extent on the lateral channel. Longitudinal uniform field affects the pitch and roll channels. Lateral uniform field has an important impact on the roll and pitch channels. Effect on the yaw channel is also significant.
The most important spatial turbulence gradients are the longitudinal and lateral gradients of the vertical velocity component. Due to the rotor dynamic response they have an important coupling effect.
Effects of the lateral gradient of the longitudinal velocity component and effects of the longitudinal gradient of the lateral velocity component are reduced on all channels in hover flight.
Effects of the longitudinal gradient of the longitudinal velocity component and effects of the lateral gradient of the lateral velocity component are insignificant on all channels and can be neglected in hover flight.
The trend of increased pilot workload and degraded handling qualities with increasing turbulence intensity is captured. Although there is a general trend for all configurations investigated to have the same sensitivity to turbulence intensity, some results suggest that different configurations may have different sensitivities as far as degradation of handling qualities is concerned. This means that, under some conditions, it is possible that handling qualities hierarchies established in still air be inverted for some level of turbulence intensity.
The author is aware of the limited character of this study due to the lack of experimental data and tests. Any observation and conclusion, as well as the general approach itself, still need to be validated by means of experiments. 
